In this work, a masking technique was used to improve the thickness uniformity of a Mo/Si multilayer deposited on a curved spherical mirror by direct current (DC) magnetron sputtering with planetary rotation stages. The clear aperture of the mirror was 125 mm with a radius of curvature equal to 143.82 mm. Two different shadow masks were prepared; one was flat and the other was oblique. When using the flat mask, the non-uniformity considerably increased owing to the relatively large gap between the mask and substrate. The deviation between the designed and measured layer thickness and non-uniformity gradually reduced with a smaller gap. The second mask was designed with an oblique profile. Using the oblique mask, the deviation from multilayer thickness uniformity was substantially reduced to a magnitude below 0.8% on the curved spherical substrate over the clear aperture of 125 mm. Multilayers still achieved a smooth growth when deposited with obliquely incident particles. The facile masking technique proposed in this study can be used for depositing uniform coatings on curved spherical substrates with large numerical apertures for high-resolution microscopes, telescopes, and other related optical systems.
Introduction
Extreme ultraviolet (EUV) light sources, such as free electron lasers (FELs) [1, 2] , high harmonic generation devices [3] , and plasma-based sources [4, 5] , produce ultra-short radiation with extremely high intensity. During practical utilization, the optical components and detectors of such sources are inevitably subjected to powerful radiation, which necessitates thorough investigation of their damage resistances. As the beamtime provided by FEL facilities is limited, special laboratory equipment is used to conduct damage tests on optical elements in the short-wavelength region. High-numerical-aperture (high-NA) optical systems are most suitable for performing such tests in a laboratory owing to the high fluence of EUV radiation [6, 7] . Using the simplest high-NA optical system consisting of two mirrors [7] , a tabletop EUV focusing optical system with an operational wavelength of 13.5 nm was developed at the Institute of Precision Optical Engineering (IPOE) for investigating the damage of optical elements caused by EUV radiation [8] . This optical system contains a modified Schwarzschild objective [5] with an NA of 0.44 and two mirrors with the same radius of curvature (RoC) equal to 143.82 mm. Because of the high NA, one mirror (called a secondary mirror) is concave and has a clear aperture (CA) of 125 mm, while the other (primary) mirror is convex, and its CA is 56 mm. Uniform deposition of coatings on these mirrors is required to achieve constant optical properties over the optical element surface. If the degree of coating uniformity is not sufficiently high, the resulting non-uniform thickness profiles may seriously affect the efficiency of the entire system. Therefore, controlling the thickness uniformity of coatings is critical for proper focusing of tabletop EUV optical systems (especially for the curved substrates similar to the secondary mirror).
Typically, direct current (DC) magnetron sputtering systems with planetary rotation stages (PRS) [9] produce uniform coatings on flat substrates, but they cannot achieve a high degree of thickness uniformity in coatings deposited on curved substrates. This problem is solved by changing the speed profile of substrate motion [10] [11] [12] , which is equivalent to controlling the deposition rate of sputtered materials at different positions along the radial axis [10] [11] [12] [13] [14] [15] [16] [17] . Yu et al. utilized this technique to reduce the thickness deviation of the Mo/Si multilayer deposited onto a curved mirror with a CA of 184 mm and RoC of 338.66 mm through DC magnetron sputtering with PRS below 0.09% [12] . Further, the speed profile of substrate motion is always controlled during the deposition of optical components for EUV lithography (EUVL) [10] [11] [12] [13] ; however, the utilized deposition systems must possess extremely high mechanical accuracy, which is very difficult to achieve under laboratory conditions. To mitigate this issue, shadow masks are typically used for coating uniformity optimization via the selective blocking of sputtered materials [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Nevertheless, there are very few existing studies on the application of shadow masks to material deposition on the surfaces of curved substrates (such as secondary mirrors). Because the majority of the shadow masks used in DC magnetron sputtering are flat and mounted parallel to the sputtering source, their utilization may increase the gap between the mask and a curved substrate, thus causing a serious shadow effect. Therefore, a novel masking technique must be considered for depositing uniform coatings on curved substrates through DC magnetron sputtering with PRS.
In this study, a simple and facile method for designing shadow masks was developed at the IPOE to deposit uniform multilayers on curved spherical substrates through DC magnetron sputtering with PRS, which did not require consideration of the ejection characteristics of different sputtering materials [30, 31] . The multilayer structure, utilized DC magnetron sputtering system, thickness measurement method, and mask design are described in detail in the subsequent sections. Using this technique, uniform multilayers were obtained on the surfaces of secondary mirrors.
Experiments

Multilayer Design
The modified Schwarzschild objective consists of on-axis spherical primary and secondary mirrors with the same RoC of 143.8 mm that provides a clear annular aperture (see Figure 1 ). The centers of these mirrors contain holes for light rays with diameters of 13 and 35 mm, respectively. As the working wavelength of the modified Schwarzschild objective is 13.5 nm, molybdenum/silicon (Mo/Si) multilayers must be deposited on the mirrors. According to Bragg's law with refractive correction, the range of incidence angles on the mirror surface is a critical parameter for multilayer design. Compared to the classical Schwarzschild objective [32, 33] , the modified objective exhibits smaller variations in incident angles, especially for the secondary mirror. In this case, geometrical ray tracing provides ranges of the incidence angles for different rays, which are equal to 3.31 • < θ < 11.08 • and 1.18 • < θ < 3.84 • for the primary and secondary mirrors, respectively.
As indicated by these ranges, the deposited Mo/Si multilayers should possess relatively high reflectivity with a periodic thickness based on Bragg's law with refractive correction. Figure 2 presents the theoretical reflectivities of the periodic Mo/Si multilayers optimized at a working wavelength of 13.5 nm. The d-spacing values of the multilayers deposited on the primary and secondary mirrors are equal to 7.03 and 6.91 nm, respectively. The thickness ratio of Si was set to 0.6 (d si /d), and the interface Coatings 2019, 9, 851 3 of 13 width was set to 0.3 nm. Moreover, the reflectivity bandwidth of the Mo/Si multilayer is relatively narrow; therefore, to achieve bandwidth matching with the primary mirror and obtain a high energy density at the focal plane, the deviation of the coating thickness uniformity over the clear aperture of the secondary mirror could not exceed 1%. In addition, the total number of bilayers was set at 30, which was also used for bandwidth matching between the two mirrors.
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Mirror Substitute for Thickness Measurements
The mask used in our experiments was designed using the following steps. First, the coating thickness was measured at several points. Second, the coating thickness distribution was obtained from the measurement data. Finally, several masks were prepared based on the fitting results. Because the coating thickness could not be directly measured on the secondary mirror, a mirror substitute was prepared for estimating its value at selected points on the coating surface under rotating conditions.
To reproduce the real curvature of the substrate as accurately as possible, eight points between the center of the secondary mirror and its boundary were selected, and their tangent line was used to create a cross-sectional line, as shown in Figure 4a . Here, the upper image shows the cross-section of the secondary mirror, and the blue spots represent the measurement points. Actually, the eight selected points are in one direction along the radial axis. To provide space for mounting silicon pieces on the mirror substitute, four points (dashed circles) are set symmetrically along the same direction, as shown in Figure 4a . The lower image depicts the cross-section of the mirror substitute; the red line denotes the silicon piece, and the angles correspond to the angles between the tangent lines of the selected points and the horizontal line. Based on this cross-sectional line, a surface capable of accommodating eight silicon (100) pieces with sizes of 20 mm × 10 mm × 0.5 mm was designed. By measuring the coating thickness of the silicon pieces, it was possible to determine its distribution on the substrate (a photograph of the mirror substitute and silicon pieces is shown in Figure 4b ). As shown in Figure 2 , multilayers can exhibit high reflectivity with a periodic thickness; however, for the deposition system used in our laboratory, the coating uniformity varied significantly because of the distance changed between the targets and mirrors along the radial axis, which ranged between 0 and 2.22 mm for the primary mirror and between 0 and 13.22 mm for the secondary mirror. According to the results of previous experiments, reaching a high degree of multilayer uniformity is much harder for the secondary mirror than for the primary mirror under the given conditions. Because the distance change between the target and primary mirror is small, the latter can be considered a flat substrate with relatively uniform multilayers. Therefore, the present study focused on controlling the coating uniformity on the secondary mirror. This task cannot be performed by controlling the speed profile during substrate motion because such a curved concave mirror undergoes a drastic speed change upon entering the sputtering area; moreover, its acceleration must be as small as possible, which is beyond the capability of our deposition system. Therefore, using a shadow mask is suitable for improving the thickness uniformity of the coatings.
To reproduce the real curvature of the substrate as accurately as possible, eight points between the center of the secondary mirror and its boundary were selected, and their tangent line was used to create a cross-sectional line, as shown in Figure 4a . Here, the upper image shows the cross-section of the secondary mirror, and the blue spots represent the measurement points. Actually, the eight selected points are in one direction along the radial axis. To provide space for mounting silicon pieces on the mirror substitute, four points (dashed circles) are set symmetrically along the same direction, as shown in Figure 4a . The lower image depicts the cross-section of the mirror substitute; the red line denotes the silicon piece, and the angles correspond to the angles between the tangent lines of the selected points and the horizontal line. Based on this cross-sectional line, a surface capable of accommodating eight silicon (100) pieces with sizes of 20 mm × 10 mm × 0.5 mm was designed. By measuring the coating thickness of the silicon pieces, it was possible to determine its distribution on the substrate (a photograph of the mirror substitute and silicon pieces is shown in Figure 4b ). The fabricated Mo/Si multilayers were characterized via grazing incidence X-ray reflectometry (GIXR) using Cu-Kα radiation (λ = 0.154 nm) and a laboratory diffractometer (D1 system, Bede Inc.). Silicon piece 1 depicted in Figure 4b is located very close to the hole of the secondary mirror and exhibits some signs of edge damage caused during fabrication and substrate polishing. Therefore, this piece was not used for thickness measurements. The remaining silicon pieces were examined at their central parts along the short edges.
Shadow Mask Design
In this study, a shadow mask was fixed onto the substrate holder to improve the coating thickness uniformity. To achieve this goal, the substrate had to possess revolution symmetry and the shadow mask had to be as close to the substrate as possible. During sputtering, the particles emitted from the deposition target flew through the fixed mask. As shown in Figure 5 , at a given radius r, the mask covers the angular range [−θ(r), θ(r)], and the total layer thickness decreases with substrate rotation. The mask profile at this radius can be described by the following equation:
x = r cos(θ(r)), y = r sin(θ(r)) (1) Therefore, the most important step in designing the mask was to determine the function θ(r) via the following equation: The fabricated Mo/Si multilayers were characterized via grazing incidence X-ray reflectometry (GIXR) using Cu-Kα radiation (λ = 0.154 nm) and a laboratory diffractometer (D1 system, Bede Inc.). Silicon piece 1 depicted in Figure 4b is located very close to the hole of the secondary mirror and exhibits some signs of edge damage caused during fabrication and substrate polishing. Therefore, this piece was not used for thickness measurements. The remaining silicon pieces were examined at their central parts along the short edges.
In this study, a shadow mask was fixed onto the substrate holder to improve the coating thickness uniformity. To achieve this goal, the substrate had to possess revolution symmetry and the shadow mask had to be as close to the substrate as possible. During sputtering, the particles emitted from the deposition target flew through the fixed mask. As shown in Figure 5 , at a given radius r, the mask covers the angular range [−θ(r), θ(r)], and the total layer thickness decreases with substrate rotation. The mask profile at this radius can be described by the following equation: The fabricated Mo/Si multilayers were characterized via grazing incidence X-ray reflectometry (GIXR) using Cu-Kα radiation (λ = 0.154 nm) and a laboratory diffractometer (D1 system, Bede Inc.). Silicon piece 1 depicted in Figure 4b is located very close to the hole of the secondary mirror and exhibits some signs of edge damage caused during fabrication and substrate polishing. Therefore, this piece was not used for thickness measurements. The remaining silicon pieces were examined at their central parts along the short edges.
x = r cos(θ(r)), y = r sin(θ(r)) (1) Therefore, the most important step in designing the mask was to determine the function θ(r) via the following equation: Therefore, the most important step in designing the mask was to determine the function θ(r) via the following equation:
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where d idea is the desired coating thickness, and d start(r) is the coating thickness at radius r on the unmasked rotary substrate. M is the number of mask segments (there are eight segments in a mask), which is inversely proportional to the segment width. In this work, the distribution of the coating thickness was obtained as follows. First, the multilayer thickness on the mirror substitute was determined. Second, it was assumed that the obtained data represented the coating thicknesses of a projection plane measured at some points, as indicated by the double arrows between the projection plane and cross-section of the secondary mirror in Figure 6 . Hence, the thickness distribution across this plane could be obtained by fitting. Finally, it was possible to determine the profile of the mask parallel to the projection plane using Equation (2) . By utilizing this method, two different shadow masks were designed. As shown in Figure 6 , mask #1 is prepared based on the thickness distribution obtained for the plane parallel to the sputtering source surface, and mask #2 is designed based on the thickness distribution obtained for the plane passing at an angle of 16.38 • with respect to the sputtering source surface. The coating thickness distribution was determined by repeating the deposition procedure several times for better accuracy. In addition, the value of M in our design was eight.
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The multilayer thickness distribution on a rotating substrate was determined by measuring the multilayer thicknesses on the silicon pieces depicted in Figure 4b . Here, the position of the silicon piece whose thickness was the highest was taken as the reference point. The normalized thickness for each point was obtained by dividing the thickness at that point by the thickness at the reference point. The normalized thicknesses measured via GIXR along the radial axis are presented in Figure 7 . Based on the repeatability of deposition and measurement, the error bar shown in Figure 7 is ±0.2%. Then, by projecting the normalized coating thickness to different planes used for different mask designs, the different thickness distributions will be obtained. Next, the obtained coating thickness distribution was used to calculate the profile of the mask using MATLAB software [34] . each point was obtained by dividing the thickness at that point by the thickness at the reference point. The normalized thicknesses measured via GIXR along the radial axis are presented in Figure 7 . Based on the repeatability of deposition and measurement, the error bar shown in Figure 7 is ±0.2%. Then, by projecting the normalized coating thickness to different planes used for different mask designs, the different thickness distributions will be obtained. Next, the obtained coating thickness distribution was used to calculate the profile of the mask using MATLAB software [34] . The profile of each mask segment calculated from the thickness distribution is shown in Figure 8 (note that the segments of mask #2 are 0.6 mm narrower and approximately 2 mm longer than those of mask #1). The fabricated masks are shown in Figure 9a ; the holes near the mask boundary were designed to fix the mask on the sample holder. To correctly align the substrate and mask, they were mounted on the same axis. During deposition, the substrate was rotated, whereas the mask was fixed on the sample holder. The assembly containing the secondary mirror and mask #2 is displayed in Figure 9b . Apart from the shape of the segments, another difference between the two masks is the distance between the mask and substrate because of the different profiles of the two masks. The distance between mask #1 and the substrate ranged from 12.38 mm to 2.57 mm from the center to the edge of the substrate. For mask #2, the distance between the mask and substrate was lower than 2.50 mm on the whole area. The profile of each mask segment calculated from the thickness distribution is shown in Figure  8 (note that the segments of mask #2 are 0.6 mm narrower and approximately 2 mm longer than those of mask #1). The fabricated masks are shown in Figure 9a ; the holes near the mask boundary were designed to fix the mask on the sample holder. To correctly align the substrate and mask, they were mounted on the same axis. During deposition, the substrate was rotated, whereas the mask was fixed on the sample holder. The assembly containing the secondary mirror and mask #2 is displayed in Figure 9b . Apart from the shape of the segments, another difference between the two masks is the distance between the mask and substrate because of the different profiles of the two masks. The distance between mask #1 and the substrate ranged from 12.38 mm to 2.57 mm from the center to the edge of the substrate. For mask #2, the distance between the mask and substrate was lower than 2.50 mm on the whole area. Figure 10a shows the normalized multilayer thicknesses on the secondary mirror plotted as functions of the distance from the mirror center to the edge, obtained without the mask, with mask #1 and mask #2. The nonuniformity of the coating thickness was reduced to below 0.8% when mask #2 was used during deposition. Without any mask and with mask #1, the non-uniformities of the The profile of each mask segment calculated from the thickness distribution is shown in Figure  8 (note that the segments of mask #2 are 0.6 mm narrower and approximately 2 mm longer than those of mask #1). The fabricated masks are shown in Figure 9a ; the holes near the mask boundary were designed to fix the mask on the sample holder. To correctly align the substrate and mask, they were mounted on the same axis. During deposition, the substrate was rotated, whereas the mask was fixed on the sample holder. The assembly containing the secondary mirror and mask #2 is displayed in Figure 9b . Apart from the shape of the segments, another difference between the two masks is the distance between the mask and substrate because of the different profiles of the two masks. The distance between mask #1 and the substrate ranged from 12.38 mm to 2.57 mm from the center to the edge of the substrate. For mask #2, the distance between the mask and substrate was lower than 2.50 mm on the whole area. Figure 10a shows the normalized multilayer thicknesses on the secondary mirror plotted as functions of the distance from the mirror center to the edge, obtained without the mask, with mask #1 and mask #2. The nonuniformity of the coating thickness was reduced to below 0.8% when mask #2 was used during deposition. Without any mask and with mask #1, the non-uniformities of the Figure 10a shows the normalized multilayer thicknesses on the secondary mirror plotted as functions of the distance from the mirror center to the edge, obtained without the mask, with mask #1 and mask #2. The nonuniformity of the coating thickness was reduced to below 0.8% when mask #2 was used during deposition. Without any mask and with mask #1, the non-uniformities of the coating thickness are much higher, at 2% and 17%, respectively. A more detailed comparison is presented in Figure 11 , showing the GIXR results of the multilayers fabricated using both masks at the same positions (silicon pieces 2, 5, and 8). At position 2, the d-spacing of the multilayer fabricated by mask #1 is only 5.41 nm, which is much smaller than 6.93 nm (d-spacing of multilayer fabricated using mask #2). Moreover, the Bragg peaks obtained with mask #1 are much wider than those obtained with mask #2. Because the characterization conditions were the same for all these samples, the most likely reason for wider Bragg peaks is the higher lateral gradient of the d-spacing. At position 2, the distance between mask #1 and the substrate is 12.38 mm and this distance is 0.88 mm for mask 2. At position 5, the d-spacing of the multilayer deposited with mask #1 is 6.35 nm, which is higher than that at position 2. It is closer to the value obtained using mask #2 at the same position, compared to that at position 2. The Bragg peaks also become narrower than the one at position 2 but still wider than that for the multilayer deposited using mask #2. At this position, the distance between mask #1 and the substrate is 8.50 mm, and that between mask # 2 and the substrate is 1.52 mm. At position 8, the d-spacing of the multilayer obtained with mask #1 is 6.52 nm, which is very close to the value obtained with mask #2 compared to that at other positions. In addition, the widths of the Bragg peaks obtained using the two masks are also similar. At this position, the distances between masks and the substrate are close to each other (2.57 mm vs. 2.01 mm corresponding to mask #1 vs. mask #2). Based on this, the d-spacing values of all samples fabricated using mask #1 are presented in Figure 12 . The plot shows the d-spacing of the multilayers as a function of the distance between the mask and substrate, and the magenta dashed line represents the designed d-spacing. Noting that the designed uniform d-spacing values were achieved using mask #2, as depicted in Figure 10a . The experimental results indicated that the d-spacing was closer to the designed value when the gap (the distance between the mask and substrate) became smaller. By contrast, the d-spacings deviated considerably from the designed values when the gap was large. Based on these results, it can be concluded that the reason for the d-spacings of multilayers deposited with mask #2 being close to the designed value is the small gap between mask #2 and the substrate on the whole area. According to Figure 12 , the gap between the mask and substrate should be kept within 5 mm to obtain the designed d-spacing values.
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Another important fact is that these multilayers were deposited on a surface that was not parallel to the sputtering target surface. From a theoretical viewpoint, deposition using different α values will influence the formation of the multilayers [39] . Voronov et al. investigated how different α values influenced the interface of Mo/Si multilayers formed using ion beam sputtering (IBS). The results of their work indicated that the interface changed considerably when α was larger than 45° [40] . In this work, the divergence angle of the sputtering particles was higher than that in IBS, which may cause some difference on this issue. According to the fitted results, the multilayers deposited with α values of up to 20° could have similar interface structures compared to the multilayers deposited with α = 0°, i.e., when the substrate is parallel to the sputtering target surface. Therefore, from 0° to 20°, changes in α will not significantly influence the formation of high-quality multilayers with smooth interfaces under magnetron sputtering. As all the optical mirrors in high-NA systems are used for performing depositions with different α values, this result can provide useful guidance for effective multilayer deposition on such curved optical surfaces. Using the secondary mirror deposited with mask #2, the modified Schwarzschild showed good performance. The highest EUV energy density acquired by this optical system was 2.27 ± 0.27 J/cm 2 . Such a high EUV energy density results from the satisfactory performance of such mirrors, and this value is approximately two times higher than previously reported results [5] . The objective with a mechanical mount and the damage profile of a gold mirror are shown in Figure 15 . In summary, this masking technique is a promising method to deposit uniform multilayers on similar mirrors used in other high-NA optical systems like microscopes, lithography systems, and telescopes. Another important fact is that these multilayers were deposited on a surface that was not parallel to the sputtering target surface. From a theoretical viewpoint, deposition using different α values will influence the formation of the multilayers [39] . Voronov et al. investigated how different α values influenced the interface of Mo/Si multilayers formed using ion beam sputtering (IBS). The results of their work indicated that the interface changed considerably when α was larger than 45 • [40] . In this work, the divergence angle of the sputtering particles was higher than that in IBS, which may cause some difference on this issue. According to the fitted results, the multilayers deposited with α values of up to 20 • could have similar interface structures compared to the multilayers deposited with α = 0 • , i.e., when the substrate is parallel to the sputtering target surface. Therefore, from 0 • to 20 • , changes in α will not significantly influence the formation of high-quality multilayers with smooth interfaces under magnetron sputtering. As all the optical mirrors in high-NA systems are used for performing depositions with different α values, this result can provide useful guidance for effective multilayer deposition on such curved optical surfaces.
Using the secondary mirror deposited with mask #2, the modified Schwarzschild showed good performance. The highest EUV energy density acquired by this optical system was 2.27 ± 0.27 J/cm 2 . Such a high EUV energy density results from the satisfactory performance of such mirrors, and this value is approximately two times higher than previously reported results [5] . The objective with a mechanical mount and the damage profile of a gold mirror are shown in Figure 15 . In summary, this masking technique is a promising method to deposit uniform multilayers on similar mirrors used in other high-NA optical systems like microscopes, lithography systems, and telescopes. 
Conclusions
A new masking technique was developed for improving the thickness uniformity of deposited Mo/Si multilayers. In particular, two different masks were prepared to enhance the coating thickness distribution on a spherical concave substrate with CA/RoC = −0.87. The multilayer thickness on the mirror substrate was measured several times to ensure good reproducibility of the results obtained; these results were subsequently used to determine the multilayer thickness distribution on a real mirror. The mask shape was designed using MATLAB software. By comparing the results obtained from depositions using these two different masks, it was found that the mask mounted as close as possible (a distance of approximately 5 mm between the substrate and mask) to the substrate could efficiently help to control the thickness uniformity of the multilayers. The deviation of the coating thickness decreased to below 0.8% of the designed value using the developed mask combined with the PRS of the DC magnetron sputtering system. The multilayers showed smooth growth when deposited at different angles (0° < α < 20°). Thus, in this study, we developed a simple, fast, and efficient masking technique that is easy to implement at low manufacturing costs. Using this technique, high uniformity of multilayers can be achieved on a substrate with any rotational symmetry. In addition, the results of multilayer deposition on a surface not parallel to the sputtering target surface can provide guidance for fabricating other curved optics using similar methods. 
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